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Abstract

The results of U BV CCD photometry are presented for a newly discovered
open cluster, as well as new photometry for thirty-seven members of the open
cluster HM 1. The new open cluster, to be designated OCL 1104-610, has
a distance modulus of V,— My = 15.5 £ 0.2, corresponding to a distance of
12.6+}% kpc, and is several Myr old. Members of the distant cluster include
two Wolf-Rayet (WR) stars, WR 38 and WR 38a. WR 38 is the first WC4
star identified in an open cluster, and has been found to have an absolute
magnitude M, = —5.1, two magnitudes brighter than has been suspected for
WC4 stars. WR 38a has an absolute magnitude M, = —4.4, in agreement
with other WNG6 stars. Intrinsic colours of both WR stars are uncertain
given the faintness of cluster members. HM 1 has been determined to have
a distance modulus of V,—My = 13.19 £ 0.16, corresponding to a distance of
4.34%333 kpe. Its WR members, WR 87 and WR 89, have been found to be
intrinsically slightly brighter and bluer than on average for WN7 stars, but
not unreasonably so. In addition, photometry is presented for a third group
of stars which possibly comprise an open cluster. The third cluster, to be
designated OCL 1103-610, lies at a distance of V,— My = 12.02 £+ 0.06 and
is 77 Myr old.
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Chapter 1

Introduction

Wolf-Rayet (WR) stars are characterized by spectra with strong broad
emission lines that provide evidence of products of either hydrogen or helium
burning at their surfaces. It is generally accepted that WR stars are a late
stage of the evolution of the most massive stars. Large mass loss rates of
several 1075 Mg /yr are thought to be responsible for stripping massive, hot
stars of their outer layer of hydrogen, revealing core materials that produce
the WR phenomenon as a result of strong stellar winds.

WR stars have been classified according to their spectra based on the
strengths of nitrogen, carbon and oxygen lines, thus defining the WN, WC
and WO spectral types. Subtypes have also been created based on rela-
tive strengths of lines of each species as well as the appearance of lines of
other species. Subtypes are classified numerically as in the MK classification
scheme, with the lowest numbered subtypes referred to as “early” and the
highest numbered referred to as “late”. As in the MK scheme, spectra of
early-type stars indicate higher temperatures than those of late-type stars.

The late WN-type stars (WNL: WN7-WN11) have Balmer lines in their
spectra whereas the early WN-type stars (WNE: WN4-WN6) do not, thus
roughly indicating an evolutionary sequence: WNL evolves to WNE as hy-
drogen is lost in the stellar wind. The WC and WO stars show the products
of helium burning and are accepted to be more evolved than the WN stars.
WC stars evolve from late (WCL) to early (WCE) subtypes as well, with the
WO stage being the extreme extension of the earliest WC stars. The general

evolutionary scheme is O—+WNL—-WNE—-WCL—-WCE, although the exact



entry point into the WR sequence, as well as the time spent in each subtype,
is dependent upon the mass of the O-star progenitor and the mass-loss rate
in each phase.

The WR classification system was initially created in an attempt to clas-
sify the stars solely on the basis of effective temperature and luminosity, as in
the MK system. Unfortunately, the emission lines used to classify the stars
are created in the optically thick stellar winds, and thus a WR star’s spectral
type reflects the temperature and ionization in its winds. A more detailed
scheme to reflect actual stellar properties has been introduced by Smith et
al. (1996). Since the majority of past studies, however, have been done prior
to the introduction of the new system, all quoted WR spectral types and
comparisons with stars of similar spectral type in this thesis are based upon
the original classification system.

As a recognizable and classifiable stage in the evolution of the most mas-
sive and short-lived of stars, WR stars allow one to study many astrophys-
ically interesting problems. The high sensitivity of the evolution of massive
stars to parameters such as mass loss may be constrained by determining
how observed WR stars fit within different evolutionary scenarios. WR stars
can also be used as spiral arm tracers as they are the products of very recent
star formation. As well, they are interesting as the possible progenitors of
type Ib and Ic supernovae, although this is still a matter of debate (Conti
1996).

In order to use WR stars as astronomical and astrophysical tracers and
tests of stellar evolution theory, information on their intrinsic parameters

of absolute magnitude and intrinsic colour is necessary. One way of deter-



mining intrinsic WR parameters without a prior: assumptions is to study
WR stars in open clusters and associations. Recent estimates are that 24
of the 201 known Galactic WR stars are members of open clusters while 24
more are members of identified associations. Membership of a WR star in a
group of stars with a measurable distance and reddening allows one to trans-
form the observed parameters of apparent magnitude and colour to absolute
magnitude and intrinsic colour.

This thesis deals primarily with the photometry of two open clusters
which each have two WR members. One has been previously studied pho-
tometrically and new photometry, as well as photometric data for fainter
member stars, are used here to provide a new analysis of the cluster distance
and reddenirg. The second open cluster is a new discovery and photometric
data for its eight brightest members, including the two WR stars, provide
an opportunity to determine its distance, as well as an estimate of its red-
dening. Analysis of data concerning a third region possibly containing an
open cluster is included in Appendix A as a matter of completeness, but it
is secondary to our main purpose of deriving intrinsic parameters for WR
stars.

As steps in the photometric process, the details of CCD image processing
and data reduction are described in Sections 2.2 and 3.1. The transforma-
tion of instrumental magnitudes to a supposedly “standard” UBV" system
is also outlined as performed using existing cluster photometric data. The
term “standard” UBYV is used because problems in calibration resulting from
the Balmer discontinuity in stellar spectral energy distributions often cause

instrumental data to be reduced to some non-standard photometric system



which only approximately matches the true UBV system. Balmer disconti-
nuity effects specific to the filter and detector system used in producing the
data for this thesis are addressed in as complete a manner as possible, and
the data presented have been corrected for such effects.

The analysis of the cluster data to derive parameters of extinction, size,
distance, and age for each cluster is presented. Based upon the assumed
membership of each WR star in its associated open cluster, the intrinsic
parameters for our program objects have been derived and are included with

comparisons to previous studies of the relevant spectral subclasses.



Chapter 2

Observations and Image Processing

2.1 Observations

The fields of observation were chosen in order to make new observations of
a previously studied open cluster, as well as to ascertain the existence of a
new open cluster, both associated with Wolf-Rayet stars. The previously
studied open cluster, HM 1 (Havlen and Moffat 1977), contains two Wolf-
Rayet members: WR 87 and WR 89. A previously unstudied region in Carina
is centred on [ = 290258, b = —0°94. It was suggested for study to the author
by Dr. D. Turner. It seemed a likely candidate for an open cluster as there
was an apparent surplus of stars in the region according to Digitized Sky
Survey frames. Preliminary photoelectric photometry of the brightest stars
indicated a sequence of stars in colour and magnitude that might constitute
an open cluster. Also, there were three Wolf-Rayet stars in the vicinity: WR
37, WR 38 and WR 39 at 6.8, 1.4’ and 3.8, respectively, from apparent
cluster centre. Observations were planned to image the apparent cluster as
well as all three WR. stars. Weather conditions at the observing site made
it impossible to image WR 37 and WR 39, however. Although it was not
known at the time of observation, there is a fourth Wolf-Rayet star, WR. 38a,
within less than half an arcminute of WR 38 and thus it was imaged with
the cluster region. WR 38a was discovered in a more recent deep search for
WR stars (Shara et al. 1991) and was not included in the catalogues used to
design the observation program.

Data were obtained at the University of Toronto Southern Observatory



(UTSO) between June 7 and 18, 1996. The observations were made with
the 60-cm Helen Sawyer Hogg Telescope using the METACHROME coated
512x512 PM512 CCD, which has a 4’ x 4’ field. The CCD chip was cooled
by liquid nitrogen for all observations. A “standard” set of UBV filters was
employed.

Long and short exposures in each of U, B, and V were taken for each
pointing of the telescope. The definition of the terms “long” and “short”
are somewhat ambiguous, as they were determined by the transparency and
seeing conditions at the time of each exposure. The HM 1 region was divided
into a central region, surrounded by northeast, southeast, and southwest
regions as seen in Figure 2.1. The Carina region was divided into east and
west regions as seen in Figure 2.2. Figures 2.1 and 2.2 have been created from
STScl Digitized Sky Survey images. Images were taken of the northwest
region as well, but data from those images were not reduced because of a
lack of standards in the northwest field. The observation log is reproduced
in Table 1.

Variable transparency conditions during each evening’s run made it dif-
ficult to use external standards to calibrate the photometry. Therefore, it
was decided to use stars in each field that had existing photoelectric data as
the basis for the data reduction. This is why no additional stars, other than
those in the studied fields, were observed.

Variable transparency also made it difficult to make long exposures. The
relatively poor blue sensitivity of the CCD called for long exposures when
making exposures in U, yet the exposure times were limited by guiding.

Guiding was done with an ST4 autoguider that was centred on a star in the



Carina Region
June 17
Filter | Exp time (s) | Pos.
U 600 E
U 1200 E
B 120 E
B 500 E
|4 20 E
|4 120 E
U 600 \%
U 1200 W
B 90 \%Y
B 300 W
14 30 W
|4 120 \%Y
HM 1
Date | Filter | Exp t (s) | Pos. Date | Filter | Exp t (s) | Pos.
June 7 %4 10 Cent || June 11 B 180 SW
June 7 |4 60 Cent || June 11 B 500 SW
June 7 B 30 Cent || June 16 U 600 SE
June 7 B 250 Cent || June 16 U 1200 SE
June 7 U 200 Cent || June 16 V 10 NE
June 7 U 1200 Cent || June 16 V 60 NE
June 9 |4 20 SE June 16 B 120 NE
June 9 % 120 SE June 16 B 600 NE
June 9 B 300 SE || June 18 U 600 SW
June 9 B 900 SE June 18 U 1200 SW
June 11 %4 20 SW | June 18 U 1200 NE
June 11 %4 60 SW || June 18 U 600 NE

Table 1: Observation log
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Figure 2.1: The HM 1 region. The squares are 4' x 4'. North is up and east

is to the left.



Figure 2.2: The Carina region. The squares are 4’ x 4’. North is up and east
is to the left.



field at the beginning of an exposure. At times, the guider would “lose” a
star when the cloud conditions became thick enough. When that happened,
the guider would automatically begin moving the secondary in a step-search
pattern to “find” the image. If the duration of cloud cover was significantly
long, the exposure would be ruined. After some experimentation and through
consultation with the resident astronomer, it was decided that 1200s expo-
sures were the longest that could be made while reasonably expecting to
complete the exposure.

Sets of ten bias (zero-second) exposures were taken at the beginning and
end of each night. As a precaution against light-leak, they were taken with
the shutter closed and the U filter in place. As well, flat-field images for each
of U, B, and V were taken for each night. These were captured by imaging a
section of the dome painted blue, illuminated by a bright lamp, while focused
for stellar imaging. The exposure time for each was selected so that peak
intensity was approximately three-quarters the saturation level of the CCD.
Since the CCD was liquid nitrogen cooled, it was unnecessary to take any

dark current frames for processing.

2.2 Image processing

The image capture software at UTSO stored the images as FITS files, and
assigned each a FITS header with most of the necessary data contained in
keywords. One keyword not assigned, yet necessary for image processing
under IRAF, was data-typ. This keyword denoted the type of image file:
object, bias or flat-field. It was added to the FITS headers, and assigned
correctly in each case, by using the hedit command. The identifiers were

object for object frames, zero for bias frames and flat for flat-fields. All image

10



processing was done using IRAF with the ccdred package of commands.

The bias images at the beginning and end of each night’s run were ex-
amined using the imexamine task. It was determined that there were no
detectable changes in either bias level or pattern during each night. The bias
images were then median-combined using the zerocombine command.

The flat-field images were corrected for their bias level using the ccdproc
command. ccdproc was run with only the bias level correction set to be
used, and the combined bias image for the appropriate night indicated. The
flat-fields in each of U, B, and V' were then average-combined using the task
flatcombine. The object images for each night were then analyzed with
ccdproc, with both bias and flat-field correction set to be used and with the
appropriate bias and flat-field images indicated.

Artifacts attributable to cosmic ray hits on the CCD were evident on
most frames, especially for longer exposures. An initial cleaning was per-
formed using the cosmicrays command, which selects pixels for “cleaning”
(replacement by the median value of surrounding pixels). When used, cosm-
icrays still left many artifacts untouched. They were much larger than single
pixels and so were not detectable by the cosmicrays algorithm. They were
subsequently removed using imedit. The two images of the same colour were
blinked, and where an anomalous artifact was obvious, it was edited. With
the task imedit the cursor was placed over the image display at the position
of an artifact, and a circular aperture was selected. Pixel values inside the
aperture were then replaced by values determined by a larger annulus. This

editing was done for each frame.
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Chapter 3

Data Reduction

3.1 Photometry

Determinations of instrumental / BV magnitudes for stars imaged in each re-
gion were done using daophot under IRAF essentially as outlined by Massey
and Davis (1992). Each frame was examined using imnexamine in order to
determine the full width at half-maximum (FWHM) for stellar images. As
well, suitable background regions were chosen to examine the statistics of
background light levels. The data were used as parameters for the daofind
task, which automatically detected stars and wrote stellar coordinates to a
file.

The phot task was then run on each frame to assign simple aperture
photometry magnitudes to each star. They were calculated by using a small
circular aperture, centred on each star’s coordinates, in conjunction with a
larger annulus to measure background levels. Values for the aperture and an-
nulus size were chosen as suggested by Massey and Davis. The instrumental
magnitudes were used as input for the more sophisticated psf photometry
package.

Had the images been less crowded, simple aperture photometry would
have been accurate. In the present case, stellar images often overlapped and
more sophisticated means were necessary. The photometry was done using
the psf task, which used uncrowded, bright stars as representatives of the
stellar profiles for each frame. The routine phot generated magnitudes as

measures of their brightness. Representative stars, known as psfstars were

12



chosen interactively during the psf session, and selected to be used only if
they appeared to be “normal” stellar images (i.e., no unremovable cosmic
rays or nearby neighbours). The routine psf then generated an “average”
stellar profile from such representatives to be applied to all stars in the frame.

To check the goodness of fit, the average psf was applied to the psfstars
using the nstar and substar tasks. The task nstar examined the regions
surrounding the psfstars for near neighbours which may have interfered with
the construction of the average psf. The routine substar would then fit the
average psf to the selected stars (psfstars and near neighbours) while mini-
mizing residuals, thus assigning them instrumental magnitudes. The theoret-
ical stellar profiles corresponding to the assigned magnitudes (and positions,
when allowing for variability across the image) were then subtracted from
the image frame. The new subtracted frame was then examined to evaluate
the usefulness of the psfstars. Often, one or more stars had close neighbours
or cosmic ray hits that could not be detected until the subtraction was per-
formed. Such stars were deselected as psfstars during a second run of psf.
The processes were repeated until the stellar images were subtracted cleanly,
thus indicating a good average psf.

Once an appropriate psf was generated, the allstar task was run. This
was essentially the same as substar, except that it was run for all stars on
the frame, with the phot generated magnitude files as initial input. Again,
a fit was made to the psf, minimizing residuals and accounting for variability
if specified, to assign a unique instrumental magnitude to each star. The
task allstar also performed a subtraction on all stars in the magnitude file.

That allowed the author to determine whether some “stars” were actually

13



two or more star images very close together. If that was the case, the initial
coordinate files were edited to include the new star coordinates and to delete
the incorrect “star” positions.

When all stars in a frame were identified, the quality of the subtraction
was evaluated. That qualitatively defined the goodness of fit of the psf, and
also allowed for examination of individual stars. In several instances, cosmic
rays images were missed during the editing process and showed up in the
subtracted images. They could then be identified and removed from the
images. When all stars were identified, the routines phot and allstar were
rerun to obtain final instrumental magnitudes for each frame.

As a check, the routine psf was rerun for each frame with allowance for
linear variability across the frame (the order of the psf was set to 1 in the psf
parameter file). When the task allstar was run using the new, variable psf,
the subtraction was often quite a bit worse than when the psf was constrained
to be constant. The small number of available psfstars was the reason for
that, as high weight was given to brighter stars near the edges. That skewed
the shape of the psf to mimic their profiles, including noise, and not the

general profile of stars on the frame.

3.2 Calibrating Photometry

The tasks in IRAF that are normally used for the transformation of instru-
mental magnitudes to a standard system were not useful here. Such tasks
use standard UBV magnitudes and colours for some stars, as well as air
masses for the exposures, to create transformation equations. As the seeing
conditions were not photometric and the transparency variable during each

night’s run, the air mass in the transformation equations would not have
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Star |4 B-V|U-B

1 9.23 1.05 0.84
10.97 0.46 0.07
11.22 1.18 1.10
11.47 0.17 | —0.04
11.69 0.08 | —0.37
12.14 1.93 2.21
9 12.11 0.32 0.16
10 | 12.65 1.61 1.37
11 | 12.77 0.12 | —0.32
16 | 13.55 0.56 0.27

O L N

Table 2: Standard photometric data for the Carina region.

been reliable. Therefore, a simple relation of the following form was used:
Am = Mips — Mgtg = Q- (B“V)std + b, (31)

where m;,s and mgg are the instrumental and standard magnitudes, (B —V)gq4
is the standard B—V colour and a and b are constants.

A fit to such a simple relation could not be made using existing IRAF
tasks, so it was decided to perform a fit to the data using Microsoft Excel.
The output from allstar was not immediately formated for use in Excel, so a
FORTRAN program was written to extract the useful data: an ID number, X
and Y coordinates on the frame, instrumental magnitude and error estimate.
The data files were then read in as text files to be used under Excel.

Photoelectric photometry by Pedreros (unpublished) was the basis for the
standard UBV magnitudes of the Carina region stars. The photometric data
are listed in Table 2. Photoelectric photometry by Havlen and Moffat (1977)
was the basis for the standard UBV magnitudes for HM 1 stars. There

were several problems with the quoted values in each set of standard data.
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Several stars were revealed to have very nearby neighbours. The neighbour
stars, while faint, may have contributed to anomalous differences between
instrumental and standard magnitudes. That seems to have been the case
for stars 2 and 9 in the Carina region and star 3 (HM #2) in HM 1. In the
Carina region, star 1 was very bright and unusable as a standard owing to
saturation and diffraction effects.

The relationship between Am and (B—V)sq was plotted for each frame,
and the parameters a and b determined using Excel tools. The data were
then split into two data sets for each pointing: long and short. That provided
Uins, Bins, and Viys values for the stars, and permitted a transformation to

the standard system with relations of the form,

‘/ins - ‘/std =a- (B“V)std +5b (32)
and

Bins — Dgtdq = C - (B"'V)std + d. (3-3)

Subtracting Equation 3.3 from 3.2 results in
(B—V)ins Ead (B—V)Std = (C -— a) . (B—V)std + d— b, (3.4)

or rewriting
(B—V)ins +b— d

B-V =
( Jsta l14+¢c—a

(3.5)

The last result permitted the transformation of the instrumental B—V
colours to a standard system, and such standard colours were used to trans-
form the instrumental magnitudes for each filter as prescribed in Equation

3.1.
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3.2.1 Potential systematic errors in U —B

The Balmer discontinuity is a feature in the continuum of stellar radiation
that occurs at a wavelength of 3646 A. It is indicative of the longest wave-
length of a photon that can be absorbed by neutral hydrogen in the first
excited state. It arises because neutral hydrogen is a source of continuum
opacity in stars. The degree to which hydrogen dominates as a source of
opacity depends mostly upon temperature, especially when dealing with main
sequence stars. The size of the Balmer discontinuity is therefore a function
of spectral type and luminosity.

The Balmer discontinuity must be examined in dealing with UBV pho-
tometric reductions because the U passband, centred on ~ A3600A, extends
partially across the discontinuity. Variations in its strength shift the effec-
tive wavelength of the U filter. The greater the discontinuity, the larger the
effective shift (Moffat and Vogt 1977). That can result in a spectral type
dependence for the extinction coefficient used to reduce the instrumental U
data to the standard system since the extinction coefficient is tied to the
colour term in the reduction equation. In essence, one simple linear relation
to reduce instrumental photometric data for stars of varying spectral types
is not sufficient. A more rigorous treatment, using spectral type as an inde-
pendent variable as well as colour, is necessary. Unfortunately the spectral
types of stars are quite often not known beforehand, and assumptions have
to be made in order to conduct such a treatment.

The effect of the Balmer discontinuity may be further complicated by a
mismatch of the actual UBV passbands used in comparison with the stan-

dard UBV passbands defined by Johnson and Morgan in 1953. The UBV
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photometric system was originally defined as measured by a specific photo-
multiplier tube, namely the RCA type 1P21, through now-standard UBV
filters (Johnson 1963). Any observations with a different instrument, such as
a CCD, run the risk of a mismatch with the original system. With the va-
rieties of technical modifications designed to enhance sensitivities in various
regions of wavelength, CCD response functions may not even be consistent
within specific models.

A good way to determine the extent of error in U data is to compare cor-
rectly reduced CCD photometry, observed with one filter and detector com-
bination, with reliable photoelectric photometry, assumed to be determined
under conditions well-matched with the standard UBYV instrumentation. A
discussion of standard systems that have been used in photoelectric pho-
tometry, and problems lying therein, has been presented by Bessell (1990).
Without an opportunity to study each set of published photoelectric pho-
tometry in detail, the effects of possible mismatches have been assumed to
be negligible.

The comparison of CCD photometry with photoelectric photometry is
meant to quantify any correction needed to transform CCD magnitudes to
standard magnitudes as a function of spectral type. Thus, determinations of
spectral type for comparison stars are also necessary. Often, spectroscopic
data are not available for the number of stars necessary for a comparison
of this type. Approximate photometric spectral types, based on dereddened
colour indices of stars in open clusters, are a source of such data and have
been used in the following analysis.

A more rigorous treatment of the problem of standardizing ultravio-
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let passbands in conjunction with CCDs has been done by StraiZys and
Lazauskaité (1995). The authors numerically convolved the response func-
tion of the detector, telescope and filter combination, the energy distribution
function describing the spectra of different type stars, and the transmission
function of both the atmosphere, and interstellar dust and compared the re-
sultant function for a CCD detector system with that of the standard UBV
system. Their results indicate that, for several detector systems, synthesized
ultraviolet colour indices vary from those synthesized using standard system
parameters by up to 0.1 magnitude. The non-linear effect for stars with large
Balmer discontinuity is evident in their Figs. 7 — 9.

While a study of synthesized colour indices for such a detector and filter
combination would be a useful technique for any type of calibration, such an
involved numerical study was beyond the constraints of this thesis. Instead,
an empirical method of calibration was chosen. A set of well-reduced UBV
photometric data for our detector/filter system was compiled, and compared
with well-reduced photoelectric data for the same stars. The largest source of
CCD data was an extensive study done by Shelton (1996). The data reduced
for the preparation of this thesis were also used.

For stars studied by Shelton, existing photoelectric data were used in the
regions of NGC 6231 (Garrison and Schild 1979; Schild et al. 1969) Bochum
13 (Moffat and Vogt 1975) and Hogg 22 (Forbes and Short 1996), and for
stars studied photometrically by Schild et al. (1983). The data used in the
preparation of this thesis were compared with photoelectric photometry by
Havlen and Moffat (1977) and Pedreros (unpublished).

As the effect normally depends on spectral type, spectral types were
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Figure 3.1: Discrepancy in U—B data (A(U~B) = (U-B)pe. — (U~B)ccd)
as a function of spectral type

taken, where possible, from Garrison et al. (1977). Spectroscopically de-
termined spectral types were also adopted as listed in the aforementioned
references, and references therein. When no spectroscopic data were given,
approximate spectral types were adopted by dereddening stars to the main
sequence, as shown on colour-colour diagrams in the appropriate references.
The data as a function of spectral type are seen in Figure 3.1.

The data suggest that a small constant correction in U — B may be ap-
propriate for stars earlier than spectral type B9. Later than that, a linear

correction up to spectral types A2-A3 seems appropriate. Later than spectral
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type A3 there are no reliable data. Since the effect of the Balmer disconti-
nuity is greatest at spectral types A2-A3 and then decreases for later-type
stars, a symmetrical correction was adopted, to be used for stars as late as
spectral type A6.

No data are available for stars later than spectral type A3, so it is im-
possible to suggest what the effects for the later-type stars are. Therefore,
no corrections were adopted other than those given above. The procedure
may result in incorrect U—B colours for later-type stars, but nothing further
could have been done.

The effect on A-type stars may be seen clearly in at least two sets of
observations performed previously at UTSO, the UBV RI observations of
the open cluster NGC 5606 by Vizquez et al. (1994) and the UBV RI ob-
servations of the open cluster Cr 272 by Vdzquez et al. (1997). Figure 3 of
Vidzquez et al. (1994) shows a colour-colour diagram with a well-defined red-
dened intrinsic relation with little differential reddening. Yet, six data points
lie above the intrinsic relation in the mid A-type region. Figure 4 of Vazquez
et al. (1997) shows a similar morphology, with approximately ten of their
“probable members” lying above a reddened intrinsic relation which fits well
the O and B type cluster members. If a spectral type dependent correction
in U—B had been applied to the points as prescribed above, the stars could
be dereddened as mid A-type stars with comparable reddenings to that of
the cluster. As it was, the stars were dereddened as late B-type stars with
anomalous reddenings. It must be noted that the systematic errors in U—B
as outlined would be difficult to recognize clearly in a cluster with differential

reddening, as may be seen in other studies using UTSO (e.g., Vdzquez et al.
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1995).

In the case of HM 1, the relation between AU and (B—V )sq was obviously
not linear over the entire range of B~V values. The relation between AU and
(B—V)sa is linear, however, for the stars with B—V > 1.4, i.e., the highly
reddened OB cluster members. Since the purpose of this study is to provide
photometry for cluster stars, only those stars in the field of HM 1 which were
obvious highly reddened OB cluster members were assigned standardized U
values. The calibration was done as prescribed in Equation 3.1, but with only
the cluster members as comparison stars. Unfortunately, several stars imaged
in the north-east and south-east frames have been identified as members
based upon their approximate colours, but precise U values could not be
determined because of a lack of standards in those regions.

All identified stars in the HM 1 region are labeled on Figure 3.2. Stars 13
and 46 are not visible on the finder chart as they are, respectively, very near
stars 3 and 1. Short lines have been drawn pointing to their approximate
positions. All identified stars in the Carina region are labeled on Figure
3.3 and the inset Figure 3.4 The inset has been included to unambiguously
identify the stars in the new cluster region, and has been created from a CCD
image taken by the author.

The uncertainty in the photometry is quantified by comparing stars which
have magnitudes derived from different exposures. A plot of standard devi-
ation in magnitude between exposures for each of V', B, and U is plotted in
Figure 3.5 for HM 1 data and Figure 3.6 for Carina region data. For HM 1
region observations, the uncertainties are estimated to be AV = &+ 0™01 up

to V = 14.0, increasing to AV = & 004 at V = 16, AB = £ 0™01 up to
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Figure 3.2: HM 1 region finder chart. North is up and east is to the left.
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Figure 3.3: Carina region finder chart. North is up and east is to the left.
The inset is labelled in detail on Figure 3.4.
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Figure 3.4: Carina region finder chart inset. North is up and east is to the
left.
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Figure 3.5: Standard deviation in magnitude between exposures in V', B,
and U for the HM 1 field

B = 15.5, increasing to AB = + 0™04 to B = 17, and AU = £ 0™015 up
to U = 15.0, increasing to AU = + 0™05 at U = 17.5. For Carina region
observations, the uncertainties are estimated to be AV = + 0™015 up to
V = 14.0, increasing to AV = £ 0701 at V = 16, AB = £ 0™01 up to
B = 15.5, increasing to AB = + 0M04 to B = 17, and AU = £ 0™01 up to
U = 15.0, increasing to AU = £ 0705 at U = 17.5. The uncertainties in the
colours B~V and U—B will thus be of the order £™01 for the brightest stars

and up to £0™08 for the faintest stars.
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Chapter 4
HM 1

4.1 Extinction

Analysis of the clusters began with an examination of the extinction in the

regions of study. The colour excess indices Ep_y and FEy_g are defined as
Epy=(B-V)—-(B-V), (4.1)

and

Ey-p = (U-B) — (U-B),, (4-2)

where (B —V'), and (U — B), are the intrinsic colours of the stars. The
relationship between colour excesses is usually described by an equation of

the form,
Ey_p

Epv

where X is the reddening slope and Y is a curvature term. For a small range
in Epg v, the relationship between Ey_p and Ep.y will be approximately
linear with a constant slope.

The reddening slope for each field of study was investigated by searching
the literature for photometric and spectral classification data for stars near
the regions of study. OB stars studied and numbered by Klare and Szeidl
(1966) have published photometry by Klare and Neckel (1977) and Schild
et al. (1983) and spectral classifications by Garrison et al. (1977). Spectral
types and luminosity classes are translated into intrinsic colours for each star

as prescribed by Turner (private communication). The photometric data sets
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were adjusted to the standard UBYV system according to Drilling (1991) and
then averaged.

In each case stars were selected that were within ~ 1°5 in both [ and b of
the centre of the field. Stars designated “n” and/or “e” (denoting blurring
from rapid rotation or the presence of emission, respectively) were initially
included, but several such stars had colour excesses that did not seem to fall
along the general trend of the others. Since precise spectral classification of
stars with blurred spectra may be difficult and some emission-line stars have
intrinsic ultraviolet excesses, the stars with the “n” and “e” designations
were excluded as a group.

Eight stars near HM 1 were initially chosen to examine the reddening. The
chosen stars were not as highly reddened as the stars in the cluster itself, and
so a simple linear relation based on only slightly reddened stars would have
been inappropriate, assuming a non-negligible curvature term in Equation
4.3. As such, the reddening relation was determined using spectral types of
cluster stars. Havlen and Moffat (1977) published reproductions of spectra
for four stars in the cluster. Those spectra were examined by Turner and
Forbes (unpublished) for the purpose of confirming the spectral types. The
spectral types, inferred intrinsic colours and associated colour excesses are
summarized in Table 3. The mean value of Ey_g/Epy = 0.80 was adopted
for the region. Also included in Table 3 are typical absolute magnitudes for
stars of the given spectral types (Turner 1980). The uncertainty in the exact
classification of star number 12 prohibits an accurate estimate of its absolute

magnitude.
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Star | Sp. Type | (B=V), | (U=B), | Epv | Eyg | Ey-g/Epv | My
3 04 If+ -0.33 -1.16 1.88 1.51 0.80 -7.0
5) 05 If+ -0.33 -1.16 1.88 1.48 0.79 -7.0
8 08 Ib(f) -0.31 -1.15 1.89 1.50 0.79 —6.2
12 O8 IL: -0.31 -1.15 1.82 1.50 0.82

Table 3: Spectral types and inferred intrinsic colours, absolute magnitudes
and colour excesses for stars in HM 1

4.2 Star Counts

In order to measure the angular size of an open cluster and to estimate the
number of cluster members, star counts may be performed in a cluster region.
A set of adjacent, equal-area parallel strips are drawn to cover the cluster
region. Stars are counted in each strip and the peak in star density in the
chosen direction is located. The procedure is repeated at least once, but in
different directions than the first set, in order to locate the point which is the
peak in star density. The peak is assumed to be coincident with the centre of
the roughly circular open cluster. Counts are then performed by constructing
annuli of increasing radius centred on the adopted cluster centre. Stars are
counted in each annulus and the number of stars, normalized by the area of
the annulus, plotted against distance from the cluster centre. Such a plot may
be used to measure the cluster radius, after which the star density remains
constant, and to estimate the number of stars within the cluster radius.
Star counts performed in this manner by Havlen and Moffat have not
been redone for this study. The value of an excess of 42 4+ 14 stars above
mean field star density inside the cluster radius of 4’ was adopted from their

study.
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4.3 Colour-colour diagram

A colour-colour diagram (CCD) for an open cluster is a plot of U — B ws.
B —V for stars in the cluster region. A CCD is usually drawn with the
unreddened or intrinsic coIour-éolour relation for main sequence stars indi-
cated. A CCD may be used as a preliminary discriminator between members
and non-members of a cluster, as data corresponding to most members will
be scattered about a relation shifted by some mean colour excess, Eg v,
along a reddening line of slope X as defined in Equation 4.3.

A point thought to correspond to a cluster member may be “dereddened”
to the main sequence by finding the intersection of the intrinsic main sequence
relation with a line of slope X that passes through the point. There may be
zero, one, two, or three dereddening solutions for any given data point. Cases
where there are unique solutions are used to estimate the mean colour excess
as well as to outline variations of colour excess for cluster members on the
sky. In a case where there are two or three possible solutions, the “correct”
dereddening solution will be one that results in a colour excess that fits the
general trend of colour excesses for nearby cluster members on the sky, as
well as an intrinsic colour, (B—V),, for the star that fits its magnitude rank
in the cluster.

Dereddening to the main sequence is done under the assumption that
apparent cluster members are main sequence objects, which is not always
the case. The brightest and presumably most evolved members of a young
to intermediate age open cluster will not necessarily be main sequence stars.
If, for several of the brighter stars in the field, dereddening does not pro-

vide colour excesses that fit the estimated mean reddening, they should be
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assigned colour excesses based upon colour excesses for nearby cluster mem-
bers. The stars should then be examined to see if such an assignment resulted
in intrinsic colours for the stars that fit with an evolved star of that magni-
tude rank in the cluster.

The colour-colour diagram for HM 1 in Figure 4.1 shows a relatively small
number of highly reddened (Epv = 1.9) OB members with a large number
of less-reddened foreground stars. As all candidate members could be dered-
dened uniquely to the OB section of the intrinsic two-colour relation, U — B
values obtained by the calibration using only cluster members as standards
did not need corrections for systematic errors. Non-member field stars, how-
ever, may have uncorrected systematic errors in U — B, since no information
about their spectral types is available. Photometric data for stars in the HM
1 region are tabulated in Appendix A.

(B—V), colours for all members excluding the WR stars were assigned

according to the intersection of the two lines,
(U-B), =3.758 - (B—V), + 0.04, (4.4)

which is the upper part of the intrinsic colour-colour relation for OB stars,

and

(U-B)— (U—-B),=0.80-[(B-V) — (B-V),] (4.5)

where U—B and B—V were the colours specific to each star. (B—V'), values

and the associated colour excess values are included in Appendix A.

4.4 Reddening

The reddening map for candidate members of HM 1, Figure 4.2, shows vari-
able reddening across the field as also found by Havlen and Moffat (1977).
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Figure 4.1: Colour-colour diagram for HM 1 region
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Colour excesses for the WR stars, identified as stars 1 and 7, were adopted
based on the colour excesses of nearby stars. The five stars nearest star
number 7 have colour excesses Epy = 2.03, 2.00, 2.11, 1.82 and 1.95 for
a mean colour excess (Epy) = 1.98 £ 0.05 (s.e.). The twelve stars nearest
star number 1, excluding star number 46, have colour excesses Fp_y = 1.86,
1.80, 2.13, 1.83, 1.86, 1.77, 1.89, 1.85, 1.93, 1.94, 1.96, 1.82, 1.82, for a mean
colour excess (Ep ) = 1.88+0.03 (s.e.). Star number 46 was excluded from
the calculation of a colour excess for the WR star because it is very near the
much brighter star number 1, and thus its photometry is more uncertain.
Reliable colour excesses for cluster stars range from Ep y = 1.75 to 2.14 and

produce a mean of (Ep y) = 1.92.

4.5 Variable-Extinction Diagram

The relation

V—-My=R-Egyv+V,—My (4.6)

where R = Ay /FEpg_v, the ratio of total to selective absorption, may be ex-
trapolated to Egy = 0 to determine the true cluster distance modulus.
The use of the “lower envelope” of the variable extinction data has been
described by Turner (1976a, 1976b). In general, R has been found to be ap-
proximately equal to 3, with systematic variations found in different regions
of the Galaxy. Recently, the dependence of R on reddening slope Ey_g/Ep.v

has been investigated by Turner (1996) and the relation
R = 5.240 — 3022 . EU—B/EB—V (47)

has been derived empirically for local dust clouds using results for well-

studied fields.
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Figure 4.2: Reddening Map of HM 1 based upon colour excesses Ep . The
locations of stars WR 87 and WR. 89 are indicated. The origin is the southeast
corner of the SE frame as shown on Figure 2.1. Axis units are 07'02.
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Absolute magnitudes and colour excesses for three stars classified by
Turner and Forbes, as listed in Table 3, have been used in the variable ex-
tinction analysis. The variable extinction diagram for candidate members of
HM 1, Figure 4.3, exhibits a spread in V—-My values typical of open clusters.
The data seem to deviate from the expected relation V—My = R- Ep  with
R =~ 3, and are somewhat suggestive of a larger slope. Random scatter in
the U— B and B—V data may have affected the dereddening, as illustrated
by Turner (1976a). When a fit was made of a line of slope R = 2.8, de-
rived from Equation 4.7, through the lower envelope of the data, a distance
modulus V,— My = 12.9 £ 0.2 was derived for HM 1, where the uncertainty
was estimated by keeping a reasonable fit to the lower envelope data. Such
a relation was obtained from the data after omitting the two points with
V—My > 19, since one is near the photometric reliability limit and the other
is quite highly reddened and likely a background object. The points based
on spectroscopic data are located in the same lower envelope.

Using only the three stars with colour excesses and absolute magnitudes
based upon spectral classification, the measured distance moduli are V, —
My = 13.2,13.4 and 13.4 for a mean distance (V,—My) = 13.3 £ 0.1 (s.e.).
Calculated values of V,— My for several other cluster members do not agree
well with this estimate, or in some cases with each other. It may be that for
several of the brighter objects, the assumption that they are main sequence
stars is incorrect. In that case, dereddening to the main sequence results in
incorrect estimates of both intrinsic colour and absolute magnitude. It may
also be that the adopted reddening slope is incorrect, but the good agreement

between the estimates of the reddening slope made by examining the stars
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Figure 4.3: Variable extinction diagram for HM 1
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with published spectra would seem to imply that the reddening slope is
correct. The uncertainties in the photometric data may also contribute to the
disparate values of V,—My,, especially since even small errors in photometric
data may cause the dereddened colours and thus the absolute magnitudes to
be very uncertain. Finally, the binarity and rotation expected to be present
in a sample of members of a young open cluster will contribute to errors in
estimates of distance modulus.

Under the assumption that estimates of V,— My for the brightest cluster
members are most affected by systematic errors introduced in dereddening
data with random errors, as illustrated by Turner (1976a), as well as pos-
sible evolution off the main sequence, they have been excluded in a more
comprehensive measure of the cluster distance. Among the faintest cluster
members, only the stars with the largest distance modulus measures have
been included, as the others are assumed to be binary and affected by rapid
rotation. Including only stars numbered 3, 5, 8, 55, 56, 63, 80, 96, 100, 102,
103, 135 and 145, the mean distance is measured to be (V,—My) = 13.194+0.16

(s.e.).
4.6 Colour-magnitude diagram

A colour-magnitude diagram (CMD) of an open cluster is a plot of colour,
e.g., (B—V),, vs. magnitude, e.g., V,, for probable cluster members. The
CMD for members of HM 1 is similar to that of an extremely young star
cluster. Unfortunately, the uncertainty of the absolute magnitude-intrinsic
colour relation for the hottest stars does not allow for an accurate measure
of the main sequence turn-off point (MSTQO). With an estimated MSTO of

(B-V), < —0.32, the cluster must have an age logt < 6.5 (Turner, private

38



Star HM # |74 B-V U-B Eg.y (B-V), V, V,—My Comment
1 1 11.04 1.52 0.39 1.88 —-0.31 5.92 WR 89
3 2 11.43 1.55 0.35 1.88 -0.33 6.17 13.2 04 If+
5 6 11.68 1.55 0.32 1.88 —0.33 6.42 13.4 05 If+
7 3 12.01 1.69 0.57 1.98 —0.34 6.33 WR 87
8 8 12.51 1.58 0.35 1.89 -0.31 7.22 13.4 08 Ib(f)
9 12 12.57 1.54 0.37 1.84 —0.30 7.35
12 13 12.78 1.51 0.35 1.82 -0.31 7.68 O8I
13 12.86 1.62 0.19 2.01 —-0.39 7.18
15 9 13.07 1.61 0.38 1.93 —-0.32 7.61 12.11
16 16 13.18 1.79 0.53 2.11 -0.32 7.21 11.71

21 18 13.40 1.47 0.33 1.77 —-0.30 8.39 11.49
28 10 13.94 1.53 0.29 1.86 -0.33 8.68

31 19 14.13 1.56  0.39 1.86 —-0.30 8.8 11.96
38 14.44 1.64 0.48 1.94 -0.30 894 12.04
43 14.64 1.71 0.56 2.00 —-0.29 8.99 11.69
45 14.70 1.50 0.46 1.76 —-0.26 9.71 11.61
46 14.73 1.67 0.25 2.05 -0.38 8.93

47 14.76 1.84 0.65 2.13 -0.29 8.73 11.43
93 14.99 1.70 0.52 2.00 —-0.30 9.34 12.44
95 15.00 1.73 0.50 2.04 -0.31 9.22 12.97
56 23 15.02 1.47 0.35 1.76 —0.29 10.03 12.73
63 15.17 1.63 0.40 1.95 -0.32 9.65 14.05
64 1522 168 034 2.03 -0.35 947

66 15.25 1.57 0.52 1.83 -0.26 10.06 11.96
67 15.28 1.53 0.46 1.80 —-0.27 10.18 12.31
71 15.34 1.84 0.62 2.14 —-0.30 9.28 12.38
80 15.50 1.59 0.37 1.91 -0.32 10.10 14.60
83 15.52 1.65 0.64 1.89 —-0.24 10.16 11.68
90 15.65 1.53 0.60 1.75 —-0.22 10.68 11.85
94 15.72 1.70 0.64 1.96 —0.26 10.18 12.08
96 15.78 1.80 0.58 2.10 —-0.30 9.82 12.92
a7 15.78 1.58 0.60 1.82 —0.24 10.64 12.16

100 15.80 1.58 0.48 1.86 —-0.28 10.54 12.94

102 15.82 1.57 0.54 1.82 —0.26 10.65 12.55

103 15.87 161 047 1.90 —-0.29 1049 13.19

135 16.32 1.57 0.59 1.81 —0.24 11.20 12.72

145 16.48 1.77 0.65 2.04 —0.27 10.70 12.83

Table 4: Photometry for members of HM 1 used to estimate V,— My .
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communication). An additional estimate of age could be made by locating
stars near the main sequence turn-on point, but given the faintness of such
objects, no estimate could be made confidently. Havlen and Moffat noted
the similarity of their V, vs. (U~ B), diagram to those of two young OB
associations — Ori OB1d and Per OB2 — and estimate an age of less than 106
years, which is reasonable in view of the CMD presented here.

The uncertainty in fitting the main sequence of such a young cluster is
illustrated in Figure 4.4 by the inclusion of ZAMS lines for two distances. The
ZAMS line for V,—My = 13.19, the distance modulus obtained in Section 4.5,
is a reasonable fit to the lower portion of the data, but the uncertainty in the
absolute magnitude-intrinsic colour relation for the earliest stars makes that
fit uncertain. A ZAMS line for V,—My = 12.0 also gives a fairly reasonable fit
to the data, although in view of how binarity and rapid rotation of member
stars can create systematic scatter above the main sequence as well as the
possible evolution of the brightest stars, V,—My = 12.0 is likely to be a lower
bound for the true distance modulus. Based upon the distance modulus
obtained from the variable extinction analysis and the likelihood that the
poor fit to the main sequence is caused by binarity and rotation, we adopted
here a distance modulus for HM 1 of V,— My = 13.19 £ 0.16. It is larger
than the distance modulus of V, — My = 12.3 £ 0.3 derived by Havlen and
Moffat (1977).
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Figure 4.4: Colour Magnitude Diagram for HM 1 stars. WR stars are indi-
cated by crossed filled circles.
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Chapter 5
Distant Cluster

5.1 Extinction

An analysis of the extinction in the region of the candidate open cluster
was performed, but the results were not useful in the cluster analysis. The
complications were similar to those occurring in the analysis of the extinction
in the HM 1 region as outlined in Section 4.1; the apparent cluster members
were much more highly reddened than the stars from the studies by Klare
and Neckel (1977), Schild et al. (1983), and Garrison et al. (1977). Again,
according to Equation 4.3, a relation based upon slightly reddened stars
would not have been appropriate. Since there were no stars in the region
with known colour excesses as large as those in the candidate cluster, the
reddening slope was adopted according to the equation

Ey_p

Ep v

as determined from past studies of the Carina region. It is necessary to point
out that the relation in Equation 5.1 may not hold true for a cluster at a large
distance, as will be indicated for the candidate open cluster. The relation
does provide, however, the best estimate for the reddening slope available for

this thesis.

5.2 Star Counts

Star counts could not be performed as outlined in Section 4.2 for the can-

didate cluster. As will be discussed in Section 5.3, only eight faint stars
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within an area of approximately one square arcminute are identifiable as
cluster members. Since the eight identified stars are very near the detection
limit for the images, it may be presumed that they are the brightest cluster
members. Without deeper imaging, star counts will be dominated by field
stars and any derived stellar density peak or radius will not reflect cluster

parameters.

5.3 Colour-colour diagram

The CCD for the region in Carina was plotted and analyzed as outlined in
Section 4.3. In order to detect an young open cluster associated with the
two WR stars, the CCD was examined for evidence of reddened OB stars, as
they would be the brightest members of a WR open cluster other than the
WR stars themselves. Nine stars were identified as possible main sequence
OB stars with similar reddenings (Ep_y = 1.6). They were stars numbered
A3, A4, A5, A6, A7, A8, 12, 113 and 131 as marked on finding charts in
Figures 3.3 and 3.4. On the finding charts, six of the points make up a group
of faint stars near one another on the sky and near the two WR stars: Al
(WR 38) and A2 (WR 38a). As they were also highly reddened, a value of
Ey p/Ep v = 0.78 was adopted for their dereddening according to Equation
5.1, for a mean (Fgy) = 1.6. Photometric data for stars in the highly
reddened group are included in Table 11 in Appendix B.

The apparent members were dereddened as main sequence O and B stars
according to the procedure in Subsection 4.3, with the appropriate reddening
slope given above. Unfortunately they are quite faint and as such, their
photometric data may be somewhat unreliable. The three faintest cluster

members have only one photometric measurement in each of U, B, and V.
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Figure 5.1: Uncorrected colour-colour diagram for the Carina region
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Star number A5 is very near the brighter star number A1, which may have
contributed to an error in the photometric data for it. As it stands, star
number A5 may be dereddened to (B—V), = —0.39, which is inconsistent
with its magnitude rank in the cluster.

According to IAU naming conventions, the open cluster is to be des-
ginated OCL 1104-610, based upon its apparent centre at o = 11M04,
6 = —61200.

5.4 Variable-Extinction Diagram

A variable extinction diagram, as outlined in Section 4.5, could not be con-
structed for the new Carina cluster, given the uncertainty in the colour excess
measures and the subsequent adoption of a single colour excess for all stars.
Vo— My may be estimated for the four stars with (B—V"), > —0.32: A3, A6,
A7 and A8. Using measures of V, — My for the brightest stars A3 and A6,
we found the distance modulus to be (V,—My) = 15.5 £ 0.2 (s.e.). It must
be noted that the distance is based primarily on an assumed value of R, the
quality of which in this case cannot be evaluated. The true uncertainty in
the distance moduli derived here must include the additional uncertainty in

the valueof R, which cannot be measured with the data in this thesis.

5.5 Colour-magnitude diagram

Data for the probable members of the distant cluster, as well as for WR. 38
and WR 38a, are plotted on the CMD in Figure 5.3. As the dereddening pro-
cess is prone to uncertainty given the faintness of the stars, a mean colour ex-
cess of (E'g v) = 1.6 was adopted. It may underestimate the true reddening,

but permits a reasonable determination of cluster parameters. The data for
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Figure 5.2: Variable extinction diagram for the Carina region
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the distant cluster members are rather uncertain, but a very young sequence
of distant stars is obvious. The ZAMS relation is plotted for V,—My = 15.5,
which fits the data very well despite the fact that four of the stars have
V > 16. From the fit of the ZAMS and the variable extinction analysis, the
distant cluster is estimated to have a distance modulus V,— My = 15.54+0.2,
which implies that it is 12.1+}? kpc distant. The location of the MSTQO
is difficult to establish because of the uncertainty in the colour excess, but
the main sequence appears to be populated to (B—V), =~ —0.32, which

corresponds to an age of less than several Myr.
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Chapter 6
The Wolf-Rayet Stars

6.1 Photometry and Intrinsic Parameters

The photometry of WR stars has been done predominantly in the narrow-
band system, ubv, originated by Westerlund (1966) and developed by Smith
(1968), with some data derived from synthetic filter photometry of stellar
spectra approximating ubv photometry. The ubv photometric system was
designed to minimize the contribution of the strong WR emission lines to
the photometric magnitudes and colours. Relationships for transforming ubv
data for normal stars to their equivalents on the Johnson U BV system have

been derived by Turner (1981), and are given by

Egy=121-E,,, (6.1)
(B—V), = Zero — point + 1.30 - (b—v),, (6.2)

and
V =v-0.033 -—0.365 - (b—v). (6.3)

A reddening law of slope R = 2.88 implies an extinction in the narrowband
system of A, = 3.83 - Ey,, while R = 2.80 implies A, = 3.72 - E;., and
R =294 implies A, =391 E,,.

Applying the transformation to ubv data for WR stars will result in what
may be termed “emission-free” UBV data. “Emission-free” UBV magni-
tudes and colours will not be equal to those measured by UBV photometry,
due to the contamination from the emission lines. In the same way, the

reverse transformation, from measured UBV to ubv, will not give accurate
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ubv data. For the analysis of the individual WR stars, values of the distance
modulus, colour excess and total extinction are used as transformed from the
UBYV system to the ubv, since they are derived from the UBV photometry
of normal stars. ubv magnitudes and colours for the individual WR stars are
adopted from previous photometric work in the narrow-band system only.
Many photometric studies of open clusters with WR members have been
completed. Compilations and critiques of such studies, and their implications
regarding intrinsic WR. parameters, have been done by, e.g., Lundstrém and
Stenholm (1984b), van der Hucht et al. (1988), and Vacca and Torres-Dodgen
(1990). The analyses have been used to derive a set of intrinsic parameters
for WR stars based on their spectral types. Recently derived absolute mag-
nitudes and colours for the relevant WR subtypes are listed in Table 5. Since
there were no WC4 stars known to be in Galactic open clusters prior to this
thesis, the values in Table 5 were extrapolated along the trend evident for
WCS to WC9 subtypes. Estimates of intrinsic parameters have also been
made by observing WR stars in the Large Magellanic Cloud, but there are
indications of systematic differences between galactic WR stars and those in

the LMC (Smith et al. 1990).

Sp. Type | M, |s.d. | (b—v), | s.d. | Ref.
WN6 —48 |1 04| —0.28 |0.02]| 1,2
WN7 —6.5| 06 | —0.27 | 0.05 | 1,2
WC4 -3.0 —0.30 2%,3

Table 5: Intrinsic parameters from the literature for relevant WR subtypes

References are 1: vdH (1995), 2: vdH et al. (1988), 3: Smith et al. (1990),
x: value extrapolated
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6.1.1 WR 38

WR 38 was classified as a WC4 type Wolf-Rayet star by Lundstréom and
Stenholm (1984a), Torres-Dodgen and Massey (1988) and Smith et al. (1990).
As the first WCA4 type star found in a Galactic open cluster, it offers a unique
opportunity for deriving the intrinsic parameters of a WC4 star. Findings
from other photometric studies are listed in Table 6. Other than for the values
derived in this thesis (reference 4), the estimates of absolute magnitude and
intrinsic colour are those adopted by the listed authors to obtain colour excess
and distance information, with one exception. The exception is the distance-
line flux calibration method used by Smith et al. (1990) to derive the value
listed in Table 6 (reference 3b).

The absolute magnitude of WR 38, M, = —5.1, is two magnitudes more
luminous than has generally been adopted previously for WC4 type stars.
Our estimate is uncertain, especially given the uncertainty in the redden-
ing and distance of cluster stars. Yet the cluster colour-magnitude dia-
gram produced by assuming a constant colour excess and a distance modulus
v,— M, = 15.5 is a good match to the colour-magnitude diagrams for other
young open clusters. A decrease in the cluster’s colour excess, or the distance
modulus, or both would increase the estimated absolute magnitude for WR
38, but would also affect the absolute magnitudes and intrinsic colours of
other cluster members. They would then be both redder and intrinsically
less luminous, which would be inconsistent with a cluster containing a WR
member.

It may be that WR 38 is not as highly reddened as other cluster members,

but a difference of a tenth of a magnitude in colour excess will only decrease
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vo by 0.2 magnitude. It appears therefore that the high luminosity we find
for this star is not the result solely of an uncertainty in the star’s colour
excess. There is some uncertainty in the cluster reddening, so the intrinsic
colour of (b—wv), = —0.42 derived for WR 38 is only an estimate and is not
intended to raise questions about published calibrations of intrinsic colour

for WC4 stars.

v b—v | Epy | vo | (b—=v)o | vo—M, | M, | Ref
13.39 1 093 | 1.23 | 8.47 | —0.30* 11.5 -3.0* 1
15.6 | 0.88 | 1.18 | 10.8 | —0.30* 13.8 -3.0* 2
154 1093 1.23 | 104 { —-0.30* 13.4 -3.0* | 3a
14.4 3b
15,5 1090 | 1.32 104 | —0.42 15.5 -5.1 4

Table 6: Photometric and derived intrinsic properties of WR 38

References are 1: van der Hucht et al. (1988), 2: Torres-Dodgen and
Massey (1988), 3: Smith et al. (1990) a: synthetic filter photometry, b:
distance from line flux calibration, 4: This thesis, assuming mean of v and
b — v from Refs. 2 and 3a, *: intrinsic parameters assumed in colour excess
and distance calculations.

6.1.2 WR 38a

WR 38a was discovered to be a Wolf-Rayet star and classified as “somewhere
between WN6 and WN7, but closer to the former” by Shara et al. (1991).
Listed in Table 7 are the ubv photometric data derived through synthetic
filter photometry by Shara et al. (1991), and the derived intrinsic parameters,
under the assumption of membership in the distant Carina cluster. Values
listed for the colour excess and distance modulus are from this thesis.

The absolute magnitude, M, = —4.4 of WR 38a is within one standard
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deviation of the average value for WN6 type stars as listed in Table 5. Its
absolute magnitude is also very close to that of a very well-studied WN6 type
star: WR. 67. A recent analysis by Turner (1996) finds WR 67 to have an
absolute magnitude M, = —4.48 +0.10, which is in excellent agreement with
the WNG6 type star studied here.

The derived (b—wv), colour index for WR 38a is much bluer than the
adopted values for WNG6 stars (Table 5). The discrepancy is also statistically
significant, given the small standard deviation associated with the value tab-
ulated by van der Hucht et al. (1988). It may be that WR 38a is not as
highly reddened as other members of the distant cluster. If its intrinsic colour
is actually (b—v), = —0.28, then it must have a colour excess of Eg v = 1.34,
several tenths of a magnitude smaller than adopted for other cluster mem-
bers. Such an effect could be produced by differential reddening, especially
given the distance to the cluster and the fact that WR 38a lies at one edge
of the region studied. Because of the uncertainties associated with the pho-
tometry for other cluster members, it is difficult to make a more confident
statement concerning the intrinsic colour of WR 38a. The possibility also
exists that it is not a cluster member, but the agreement between its derived
absolute magnitude as a cluster member and those found for other WNG6 stars

in clusters is too close to be ignored.

v b—v | Epy R (b—v)o | Vo—M, | M,
16.21' [ 0.831 | 1.322 | 11.05 | —0.49 15.52 | —4.4

Table 7: Photometric and derived intrinsic properties of WR 38a

References are 1: Shara et al. (1991), 2: This thesis



6.1.3 WR 87 and WR 89

WR 87 and WR 89 were classified as WN7 type stars by Lundstrom and
Stenholm (1984a), Torres-Dodgen and Massey (1988), and Vacca and Torres-
Dodgen (1990). Included in Tables 8 and 9 are ubv photometric data reported
by van der Hucht et al. (1988), as well as derived intrinsic parameters and
absolute magnitudes for the stars, assuming cluster membership. Colour
excesses and distance modulus are as found in this thesis.

The absolute magnitude derived here for WR 87 is within one standard
deviation of the average for WN7 stars as listed in Table 5, while that for WR.
89 is not. It would be useful to compute a new average absolute magnitude for
WNY7 type stars that incorporates our new data, but again that is difficult
without a list of the stars and their absolute magnitudes used by van der
Hucht (1995) to compile their estimate.

WR 87 and WR 89 are intrinsically slightly bluer than the average in-
trinsic colour for WN7 type stars listed in Table 5. The intrinsic colour of
WR 87 does fall within one standard deviation of the average for WN7 stars,
while that of WR 89 does not. By re-averaging the data for single WN7 stars
as reported by van der Hucht et al. (1988), using the new values of (b—v),
derived here, we calculate a mean intrinsic colour of {(b—v),) = —0.28 +£0.03

(s.d.) for WNT7 stars.

v b—v | Epy | Vo | (b—v)o | Vo—M, | M,
12.59! | 1.341 | 1.64% | 6.50 | —0.30 | 13.19% | —6.69

Table 8: Photometric and derived intrinsic properties of WR. 87

References are 1: van der Hucht et al. (1988), 2: This thesis
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v b—v | Epy, Vo | (b—v)o | vo—M, | M, | Ref
11531 1 1.22 [ 1.552 | 5.76 | —0.33 | 12.82 | =743 2

Table 9: Photometric and derived intrinsic properties of WR. 89

References are 1: van der Hucht et al. (1988), 2: This thesis

6.2 Conclusions

The WR stars WR 87 and 89 are almost certainly members of the young
open cluster HM 1 at a distance V,— My = 13.19 +9.16. The intrinsic values
of M, and (b—v), for both WR stars have been determined and are included
in Tables 8 and 9. The stars are intrinsically as luminous as has been found
on average for WN7 stars in Galactic open clusters and associations. They
are also slightly bluer than found on average previously for WN7 stars, and
it is on the basis of our new estimates that we calculate a new average of
((b—wv)o) = —0.28 £ 0.03 for the WN7 spectral type.

Centred at [ = 290°57, b = —0°92 is a young open cluster, IAU designation
OCL 1104-610. It is at a distance modulus of V,— My = 15.3 £ 0.2 and is
estimated to be several Myr old. Its potential members include two WR stars,
WR 38 and WR 38a, and several O and B stars. The likely membership of
WR. 38 in the cluster has led to the first independent measure for the absolute
magnitude of a WC4 star, which we estimate to be M, = —5.1. That is two
magnitudes more luminous than has been assumed previously for Galactic
WC4 stars. The derived absolute magnitude for WR. 38a is M, = —4.4 as
derived with respect to a cluster main sequence fit. The value agrees with

the average absolute magnitude found for other WN6 stars in Galactic open

55



clusters and associations.

The derived extreme luminosity of WR. 38 is difficult to resolve with
the apparent trend of decreasing luminosity for late to early WC spectral
type stars. Yet, evolutionary calculations for massive stars do predict high
luminosity WC4 type stars, given a low metallicityand/or high mass-loss
rates in the input physics. Calculations by Meynet et al. (1994) do predict
WC4 type stars with luminosities up to 108Lg, which is the approximate
luminosity of WR. 38, assuming a bolometric correction of B.C. = —4.5 as
found by Smith et al. (1994) for WC stars.

The WCA4 type stars in the Large Magellanic Cloud are examples of higher
luminosity WC4 types stars produced in a low metallicity environment. The
average absolute magnitude of a LMC WC4 type star is M, = —4.5, which
fits in with theoretical calculations for stars produced in an environment with
a metallicity that is less than solar, but does now fit in with the apparent
trend for WC stars in open clusters and associations in our Galaxy. Under
the assumption of membership in an open cluster at Galactic longitude | =
290°57 and at a distance of 15.3 kpc, WR. 38 is well outside the solar circle.
Assuming there is a Galactic metallicity gradient with metallicity decreasing
from Galactic centre to edge, the environment that produced the distant
cluster would be most likely of lower metallicity than the solar environment.
Therefore a high luminosity WC4 type member is not such an anomaly.

The reddening of cluster members is uncertain given their faintness and
the photometric limits of this study, and precise data regarding the intrinsic
colours of the two WR. stars are difficult to obtain. A deeper survey of the

region surrounding WR. 38 and WR 38a is necessary to acquire an accurate
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picture of the reddening of cluster members, as well as to confirm the distance
to the cluster. That would provide more precise values for the intrinsic

properties of the two WR stars.
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Chapter 1
HM 1 data

Star HM # V  B-V U-B Eg.v (B-V), V, Comment

1 1 11.04 1.52 039 188 —031 592 WR&89, m
2 4 1139 041  (0.27) n

3 2 1143 155 0.35 188 —0.33 6.17 O4If+, m
4 5 1144 055  (0.21) n

5 6 11.68 1.55 0.32 188 —033 642 O5If+, m
6 7 1198 0.37 (—0.02) n

7 3 1201  1.69 0.57 198 —0.34 633 WRS87,m
8 8 1251 1.58 0.35 189 —031 7.22 08Ib(f), m
9 12 1257 154 0.37 184 —0.30 7.35 m
10 14 1259 0.61  (0.49) n

11 1270 0.42  (0.30) n
12 13 1278 151 035 182 —031 768 O8I;m
13 12.86  1.62 0.19 201 -039 7.8 m
14 17 1289 0.64  (0.19) n
15 9  13.07 161 0.38 193 —0.32 7.61 m
16 16 13.18 1.79 0.53 2.11  —0.32 7.21 m
17 15 1321 0.68  (0.21) n

18 1331  0.47  (0.06) n
19 11 1332 065 (0.24) n
20 1334 0.38  (0.30) n
21 18 1340 147 0.33 177  —0.30 8.39 m
22 20 1344 134  (0.27) n
23 1358 081  (0.35) n
24 1366 1.11  (0.70) n
25 13.72  0.87  (0.56) n
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Star HM # |74 B-V U-B Fg.y (B-V), V, Comment

26 1388  0.77 (0.23) o
27 13.90 0.61 (0.48) n
28 10 1394 153 029 18  —0.33 8.68 m
29 14.08 0.71 (0.18) n
31 19 1413 156 039 186  —0.30 8.86 m
32 14.22  1.03 (0.75) n
33 14.28 0.73 (0.31) n
34 14.31  2.72 (0.45) n
35 14.38  0.77 (0.31) n
36 14.39 1.76 (1.24) n
37 14.40 185 (1.11) n
38 1444 164 048 194 —0.30 8.94 m
39 14.46  0.87 (0.30) n
40 1450 1.26 (0.78) n
41 14.56  1.77 (1.22) n
42 14.58 1.30 (0.85) n
43 1464 1.71 056 200 —0.29 8.99 m
447 14.65 1.04 (0.74) n
45 1470 150 046 176 —0.26 9.71 m
46 14.73 167 0.25 205 —0.38 8.93 m
47 14.76 1.84 0.65 213  —0.29 8.73 m
48 14.79  0.68 (0.25) n
49 14.82 0.75 (0.56) n
50 14.88 1.03 (0.52) n
51 14.89  0.79 (0.58) n
52 14.94 081 (0.51) n
53 1499 1.70 052 200 -0.30 9.34 m
54 15.00 0.91 (0.48) n
55 1500 1.73 050 204 —0.31 9.22 m
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Star, HAM # V B-V U-B Ep.v (B—V), V, Comment
56 23 1502 147 035 1.76 —029 10.03 m
57 1502 120 (0.53) n
58 15.10 096 (0.66) n
59 1511 1.14 (1.17) n
60 15.12 0.84 (0.40) n
61 15.14 1.47 (0.95) n
62 15.15 242 (0.97) n
63 1517 163 040 195 —0.32 965 m
64 1522 168 034 203 ~035 9.47 m
65 1525 1.00 (0.70) n
66 1525 157 052 1.83  —0.26 10.06 m
67 1528 1.53 046 1.80 —0.27 10.18 m
68 1529 0.83 (0.37) n
69 1529 0.81 (0.31) n
70 1529 1.30 (0.92) n
71 1534 1.84 062 214 -0.30 9.28 m
72 15.36  0.93 (0.46) n
73 15.38  0.93 (0.69) n
74 15.38  0.80 (0.34) n
75 1539 1.19 (0.52) n
76 15.44 1.47 (0.98) n
77 1544 1.32 (0.89) n
78 1545 0.85 (0.33) n
79 1545 0.92 (0.21) n
80 1550 159 037 191  —0.32 10.10 m
81 1550 2.33 (1.08) n
82 1551 1.13 (0.76) n
83 1552 1.65 064 189 —0.24 10.16 m
84 1553 095 (0.68) n
85 1556 1.60 (0.34) n
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Star HM # V  B-V U-B FEg_y (B-V), V, Comment
86 15.56  1.27 (0.84)) n
87 15.56 0.95 (0.60) n
88 15.56 1.20 (0.52) n
89 1562 1.12  (0.78) n
90 15.65 1.53 0.60 1.75 —-0.22 10.68 m
91 15.66 0.95 (0.61) n
92 1567 1.07 (0.58) n
93 15,71 111 (0.54) n
94 15.72 1.70 0.64 1.96 —-0.26 10.18 m
95 15.73 150 (0.82) n
96 15.78 1.80 0.58 2.10 -0.30 9.82 m
97 15.78 1.58 0.60 1.82 —0.24 10.64 m
98 15.79 1.00 (0.97) n
99 1579  2.15 (1.02) n
100 15.80 1.58 0.48 1.86 —-0.28 10.54 m
101 15.82  1.27  (0.79) n
102 15.82 1.57 0.54 1.82 —0.26 10.65 m
103 15.87 1.61 0.47 1.90 —0.29 10.49 m
104 15.88 098  (0.39) n
105 15.89 0.93 (0.68) n
106 1589 1.19  (1.23) n
107 15.90 1.15 (0.78) n
108 1592 1.20 (0.67) n
109 15.96 0.96 (0.73) n
110 16.01 1.48 (1.01) n
111 16.01 1.36 (0.88) n
112 16.06 0.88 (0.42) n
113 16.06 1.21 (0.82) n
114 16.07 1.53 (0.95) n
115 16.08 1.36 (0.69) n
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Star HM # Vv B-V U-B FEg_y (B-V), V, Comment

116 16.09 152 0 n
117 16.09 1.04  (0.73) n
118 16.10  1.42 0 n
119 16.13 1.35  (0.83) n
120 16.15 114 (0.74) n
121 16.17 095  (0.44) n
122 16.18 117  (0.78) n
123 16.18 117  (0.86) n
124 16.20 1.19  (0.75) n
125 16.24 093  (0.64) n
126 16.25  1.50 0 n
127 16.26  1.05  (0.52) n
128 16.27  1.46 0 n
129 16.29 1.03  (0.49) n
130 16.29 1.18  (0.53) n
131 16.30 126  (0.83) n
132 16.30 1.11  (0.73) n
133 16.31 131 0 n
134 16.31  1.25  (0.72) n
135 16.32  1.57 0.59 1.81  —0.24 11.20 m
136 16.35 0.89  (0.49) n
137 16.38  2.15 0 n
138 1641  1.39 0 n
139 16.42 0.89  (0.40) n
140 1643  1.34 0 n
141 16.44 1.64 (—0.21) n
142 16.44 1.08  (0.69) n
143 16.45 114  (0.64) n
144 1647 1.10  (0.60) n
145 16.48  1.77 0.65 2.04  —0.27 10.70 m

Table 10: Photometric data for stars in the region of HM 1
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Chapter 2

Photometric data for Carina region stars

Star  V B-V U-B Ep_y (B-V), V, Comment
Al 14.66 1.28 0.65 1.60 —0.32 10.05 WR 38, WC4
A2 15.12 1.15 0.06 1.60 —0.45 10.51 WR 38a, WN6
A3 15,51 1.28 0.10 1.60 —0.32 10.90

A4 15.90 1.27 -0.04 1.60 —-0.33 11.29

A5 16.21 1.23 -0.15 1.60 —0.37 11.60

A6 16.34 1.29 0.23 1.60 —0.31 11.87

A7 16.51 1.30 0.04 1.60 —0.30 11.90

A8 16.56 1.33 0.08 1.60 —0.27 11.95

Table 11: Photometric data for stars in the distant cluster in the Carina field
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Star |4 B-V U-B Fg_yv (B-V), V,  Comment
1 9.23 1.05 0.84 0.26 0.79 8.47 m
2 10.94 0.48 (0.07) n
3 1118 1.19 (1.18) n
4 11.47 0.17 -0.12 0.27 -0.10 10.68 m
5 11.63 0.12 -0.37 0.25 —0.16 10.73 m
6 11.99 0.16 -0.26 0.30 —0.14 10.75 m
7 12.10 1.13 (0.97) n
8 1216 1.93 (2.42) n
9 12.19 0.28 0.25 0.30 0.02 11.31 m
10 1273 1.62 (L.76) n
11 12.74 0.13 -0.33 0.28 -0.15 11.92 m
12 12.90 1.29 (0.05) n
13 13.00 0.37 (0.31) n
14 13.06 0.46 (0.05) n
15 13.14 0.33 0.24 0.33 0.00 12.17 m
16 13.55 0.53 0.26 0.27 0.25 12.76 m
17 1355 128 (1.32) n
18 13.57 042 (0.25) n
19 13.57 0.26 0.18 0.27 —-0.01 12.78 m
20 13.80 056 0.28 0.30 0.26 12.92 m
21 13.87 155 (0.71) n
22 1391 0.36 (0.28) n
23 1391 1.08 (0.84) n
24 1393 0.79 (0.33) n
25 14.01 0.63 (0.12) n
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Star vV B-V U-B Eg.y (B-V), Vo Comment
26 14.06 065  (0.12) n
27  14.11 0.29 0.22 0.29 0.00 13.26 m
28 14.19 1.85  (L.52) n
29 14.23 157  (1.42) n
30 14.36 1.26 (0.99) n
31 14.40 0.42 0.31 0.28 0.14 13.58 m
32 14.42 0.68 0.19 0.27 0.41 13.63 m
33 1445 084  (0.41) n
34 1446 0.59 0.28 0.31 0.28 13.55 m
35 14.52 041 0.33 0.30 0.11 13.64 m
36 14.56 0.81 (0.33) n
37 1456 091  (0.63) n
38 14.59 0.30 0.26 0.27 0.03 13.80 m
39 14.59 0.26 0.05 0.32 —0.06 13.65
41 14.67 0.47 0.28 0.27 0.20 13.88 m
42  14.70 0.76 0.18 0.27 0.49 13.91 m
43 1477 042 (—0.52) n
44 1478 065  (0.12) n
45 14.80 0.34 0.28 0.32 0.02 13.86 m
46 14.86 059  (0.18) n
47 14.97 0.38 0.32 0.29 0.09 14.12 m
48 14.97 0.77 (0.43) n
49 1499 0.61 (0.06) n
50 15.03 1.30  (L.10) 0 n
51 15.03 152  (1.30) n
52 15.06 0.79  (0.40) n
53 15.06 0.70 0.22 0.22 0.25 14.41 m
54 15.10 0.70 0.15 0.21 0.49 14.48 m
55 1511 041  (0.31) n
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Star vV B-V U-B Eg_y (B-V), V, Comment
56 15.12 0.66 (0.16) o
58 15.15 153 (1.27) n
59 15.16 0.46 0.31 0.28 0.18 14.34 m
60 15.17 0.84 (0.29) n
61 15.22 0.52 0.23 0.26 0.26 14.46 m
62 15.23 0.98 (0.25) n
63 15.24 1.45 (1.01) n
64 15.29 0.69 (0.14) n
65 15.32 0.48 (0.23) n
66 15.33 0.51 0.27 0.27 0.24 14.54 m
67 15.34 0.43 0.31 0.28 0.15 14.52 m
68 15.43 0.83 (0.29) n
69 15.45 0.55 0.19 0.22 0.33 14.80 m
70 15.46 0.78 (0.27) n
71 1548 1.31 (0.81) n
72 1548 1.07 (0.59) n
73 1549 0.72 (0.34) n
74 15.50 0.73 0.22 0.31 0.42 14.59 m
75 15.51 0.73 0.17 0.26 0.47 14.75 m
77 15.51 0.81 (0.48) n
78 15.54 0.50 0.26 0.26 0.24 14.78 m
79 15.55 0.56 0.23 0.26 0.30 14.79 m
80 15.56 0.79 0.21 0.31 0.48 14.65 m
81 15.58 0.52 (0.14) n
82 1560 0.46 0.30 0.30 0.16 14.72 m
83 15.61 0.90 (0.50) n
84 15.63 0.62 0.19 0.25 0.37 14.90 m
85 15.66 0.71 (0.30) n
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Star V B-V U-B Eg.y (B-V), V, Comment
8 15.66 1.05 (0.90) n
87 1569 0.96 (0.51) n
88 1571 0.66 (0.08) n
8 1573 059 0.21 0.26 0.33 14.97 m
90 15.73 0.74 (0.32) n
91 15.74 0.82 (0.27) n
92 15.74 0.55 (0.30) n
93 15.75 1.32 (0.82) n
94 15.78 0.80 (0.23) n
95 15.80 0.57 0.21 0.25 0.32 15.07 m
96 15.82 0.76 (0.12) n
97 15.82 1.03 (0.46) n
98 15.84 0.60 0.16 0.24 0.36 15.13 m
99 1586 0.68 0.18 0.26 0.42 15.10 m
100 15.89 0.75 (0.12) n
102 15.92 0.49 0.27 0.27 0.22 15.13 m
103 15.94 0.64 (0.15) n
104 15.94 0.70 0.17 0.26 0.44 15.09 m
105 1596 0.62 0.29 0.33 0.29 14.99 m
106 15.97 0.88 (0.42) n
107 1597 1.04 (0.98) n
108 16.03 0.87 (0.37) n
109 16.05 0.90 (0.43) n
110 16.06 0.92 (0.33) n
111 16.08 1.05 (0.74) n
112 16.11 0.86 (0.19) n
113 16.12 1.45 (0.11) n
114 1612  0.89 (0.41) n
115 16.14 0.68 (0.30) n
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Star V  B-V U-B Eg.v (B-V), V, Comment
116 16.15 0.84 (0.39) n
117 16.19 0.69 0.28 0.34 0.35 15.20 m:
118 16.19 0.89 0.33 0.27 0.62 1541 m:
120 16.22 0.68 (0.03) n
121  16.23 0.57 0.27 0.30 0.27 15.36 m:
122 16.28 0.67 (0.32) n
123 16.30 0.73 0.19 0.28 0.45 15.49 m:
124 16.31 0.82 (0.28) n
125 1632 0.80 (0.25) n
126 16.32 0.70 (0.12) n
128 16.35 0.80 (0.36) n
129 16.38 0.67 (0.42) n
130 16.40 0.68 0.18 0.26 0.42 15.65 m:
131 1644 1.19 (0.12) n
132 1645 0.71 (0.10) n
133 16.46  0.77 0.21 0.29 0.48 15.62 m:
134 1649 0.82 (0.22) n
135 16.49 0.82 (0.35) n
136 16.49 0.74 (0.17) n

Table 12: Photometric data for stars in the Carina region
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Chapter 3

Possible Carina cluster

C.1 Extinction

An extinction analysis for the Carina region was initially performed as out-
lined in Section 4.1. Twenty-one stars near the Carina region were chosen
to examine the reddening. The data did not seem to fall along a tight linear
trend as seen in Figure C.1. The formal result from fitting the data to a lin-
ear relation with no zero-point offset (the program nulfit.f ) was to produce
a reddening slope of Ey_g/FEp v = 0.714 & 0.052. An attempt to separate
the data into subgroups based upon spectral type or position did not help
to explain the poor agreement. Analysis of a preliminary colour-colour dia-
gram showed that for the cluster Eg v ~ 0.3, so a reddening slope of 0.76
was adopted according to Equation 5.1 which has been shown to be valid for
regions in Carina. The adopted value is within the formal uncertainty of the

nulfit.f result, and does seem to fit the extrema of the data quite well.

C.2 Star Counts

Star counts were performed as outlined in Section 4.2. An image of the region
obtained from the Digitized Sky Survey was examined. Strips one arcminute
in width were drawn on a hardcopy of the image vertically and then horizon-
tally, so that stars could be counted in each strip to an arbitrary faintness
limit on the image. The results are seen in Figures C.2 and C.3. Error bars
have been constructed according to Poisson statistics. The measured centre

is indicated on the main figure; it lies at [ = 290°.58, b = —0°94. It appears
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that the number of stars increases towards the north and east. That may
be a result of patchy extinction or perhaps a true increase in stellar density
toward the galactic plane.

Ring counts were then performed with respect to the adopted centre.
Rings were constructed in half arcminute radius intervals and stars were
counted above the same faintness limit as the strip counts. The resulting
stellar number density as a function of cluster radius is seen in Figure C.4.
Error bars are constructed according to Poisson statistics. The cluster does
not stand out distinctly above the background, but a central peak can be seen,
as well as a background of 1.3 stars per square arcminute. A cluster radius
of 2.0 was adopted. The total number of stars counted within this radius
is 28 + 5, while one expects 18 background stars in the same region. One
therefore expects roughly 30% of the observed stars to be cluster members.
The stellar density may increase again beyond our adopted cluster radius,
but that is most likely because of the increase in the number of stars toward
the north.

Star counts were also made by constructing 4’ x 4’ square regions centred
on the cluster and on random regions within 10’ of the apparent cluster centre.
Stars were counted above an arbitrary faintness limit and then compared.
The region centred on the cluster was found to contain 44 I 7 stars, while
the other regions were found to contain 33 £ 6, 36 =6, 26 £ 5 and 25 %
5 stars (uncertainties are according to Poisson statistics), resulting in an
average of 30 £ 5 (s.d.) background stars. Here, a formal result shows that
only 32 & 20% of the observed stars within the cluster boundary are cluster

members. The uncertainty in the estimate is rather large, but it reinforces
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the estimate of 30% based on ring counts. Having identified 136 individual
stars in the Carina region with V' < 16.5, one expects approximately 40

identified members.

C.3 Colour-colour diagram

In order to determine what sort of correction should be applied to the U —B
data, the colour-colour diagram for the cluster was examined to assign an
approximate spectral type for each candidate star.

Initially the colour-colour diagram for the Carina region exemplified the
problem with systematic errors in U —B and mimicked the CCD of Vizquez
et al. (1994). The uncorrected version may be seen in Figure C.5. Reddened
colour-colour relations with Fpy = 0.25 and Ep_y = 0.30 have been plot-
ted. The data clearly contain a reddened sequence (Epy ~ 0.3), but the
relation in the A0-A6 region is “flattened” somewhat. When a spectral type
dependent correction was applied to the points, as outlined in Section 3.2.1,
the usual distribution of data points outlining a reddened intrinsic relation
was more apparent.

The correction was at first applied simply as a function of B—V/, for a
constant Eg_. That was not completely appropriate, as several times stars
were dereddened to different spectral types than those upon which the size of
corrections were based. (e.g., A star assumed to be A2 was given a correction
appropriate to an A2 star. The star was then dereddened to an Al colour.)
To correct for that the procedure was repeated several times, using the new
dereddened spectral types as a basis for the correction and thus allowing the
solutions to converge.

Data points with B—V < 0.2 were given a —0.03 correction in U—B as they
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were dereddened to a spectral type earlier than B9. The corrected colour-
colour diagram is shown in Figure C.6. Photometric data for all probable
cluster members indicated by “m” under “Comments”, are listed in Appendix
B, including corrected U—B values. Data for non-members are also included,
indicated by “n” under “Comments”, but with U — B values in brackets
indicating that they are approximate.

As is typical of colour-colour diagrams for sparse open clusters, there
is a great deal of contamination from non-member stars. There is also a
group of stars (0.7 < Epy < 0.9 and 0.1 < Ey_p < 0.2) that could not be
dereddened to the seemingly correct F-star region of the intrinsic relation
using the reddening line of slope 0.76. While they could be highly reddened
B stars, there are alternative explanations. They might also be metal-poor
stars, in which case the intrinsic colour-colour relation used here would not
have resulted in correct dereddening solutions. The stars are also near the
limit of faintness for reliable photometry, and photometric errors, especially
in U, may be responsible for their unusual location in the diagram. Finally,
they may also be influenced by some systematic instrumental effect, similar

to that affecting A-type stars, which is impossible to investigate without

more data.

C.4 Variable-Extinction Diagram

The variable-extinction diagram for candidate members in the Carina region,
Figure C.7, shows a spread in V — My like that in HM 1, as well as the
presence of a distinct group of data points corresponding to the possible
highly-reddened cluster. Again the data seem to be consistent with a large

value of R, but that may be explained by random scatter, especially for the
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hottest stars (Turner 1976a).

Since the value of R could not be accurately determined from the variable-
extinction diagram, a value of R = 2.94 was adopted according to Equation
4.7. Stars listed in Table 13 were used to calculate the mean distance modulus
(Vo— My) = 12.02 £ 0.06(s.e.). The brightest candidate cluster members
were excluded as they were possibly not main sequence objects. Several
other candidate members were excluded since their values of V, — My were
probably affected by binarity and rapid rotation, as expected for a sample of

open cluster stars.
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Star Vv B-V U-B EB-V (B—V)a ‘/o ‘/O—./\/[V
38 14.59 0.30 0.26 0.27 0.03 13.80 12.09
45 14.80 0.34 0.28 0.32 0.02 13.86 12.20
47 1497 038 0.32 0.29 0.09 1412 12.13
53 15.06 0.70 0.22 0.22 0.25 14.41 11.72
99 15.16 0.46 0.31 0.28 0.18 1434 11.95
61 15.22 0.52 0.23 0.26 0.26 14.46 11.73
66 15.33 0.51 0.27 0.27 0.24 1454 11.90
67 1534 0.43 0.31 0.28 0.15 14.52 12.25
69 15.45 0.55 0.19 0.22 0.33 14.80 11.72
78 1554 0.50 0.26 0.26 0.24 14.78 12.14
79 15.55 0.56 0.23 0.26 0.30 14.79 11.86
82 15.60 0.46 0.30 0.30 0.16 14.72 12.41
84 15.63 0.62 0.19 0.25 0.37 1490 11.58
89 15.73 0.59 0.21 0.26 0.33 1497 11.89
95 15.80 0.57 0.21 0.25 0.32 15.07 12.04
98 1584 0.60 0.16 0.24 0.36 15.13 11.87
102 15.92 049 0.27 0.27 0.22 15.13 12.58
105 15.96 0.62 0.29 0.33 0.29 14.99 12.12
117 16.19 0.69 0.28 0.34 0.35 15.20 12.01
121  16.23 0.57 0.27 0.30 0.27 15.36 12.58
123 16.30 0.73 0.19 0.28 0.45 15.49 11.60
130 16.40 0.68 0.18 0.26 0.42 15.65 11.97

Table 13: Photometric data for stars in the Carina region used to estimate

Vo— My

A preliminary reddening map for candidate members of the Carina region
shows possible variations in reddening across the cluster region, with a mean
of (Ep_v) = 0.27. Stars with colour excesses as low as 0.15 and as high as 0.50
were not immediately eliminated as members, but a range 0.25 < Egy <
0.35 seemed to describe the data best. Stars with two possible colour excesses
from the dereddening process were compared with neighbouring stars and

either one of the values was chosen if it was similar to the reddening of
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nearby stars or the star was marked a non-member if no comparable values
were obtained. The final reddening map is seen in Figure C.8.

All values of Eg_y and the corresponding values of (B—V), are included
in Appendix B. In order to ensure that no information was lost, all stars with
colour excesses in the range 0.15 < Ep_y < 0.50 were included to construct
a preliminary colour-magnitude diagram, but those not falling within the

tighter range given above were marked as non-members.
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Figure C.8: Reddening Map of the Carina region based upon colour excesses
in units of 0™01 in Eg ¢
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C.5 Colour-magnitude diagram

The colour-magnitude diagram for the Carina region, Figure C.9, roughly
outlines a main sequence with evolved stars, but contamination from field
stars makes a tight sequence difficult to isolate. The star counts indicate
that only thirty per cent of all stars should be members of the cluster, so it is
obvious that not all stars included in Figure C.9 can be members. The data
were sorted by colour excess to determine which stars could be excluded.
The sorting is seen in Figure C.10. Stars with the smallest and largest colour
excesses are most obviously not members, confirming what is evident from
examinination of the reddening across the cluster region. Several stars with
colour excesses in the range 0.20 < Ep_y < 0.35 do not fit the expected CMD
plot very well, but have been included anyway. The total number of stars
with appropriate reddenings is 41, which is consistent with the star counts.
A ZAMS line for V,— My, = 12.02 is a reasonable fit to the cluster data and
confirms the value from the variable extinction analysis.

Based upon a comparison of the data with isochrones by Meynet et al.
(1993), the cluster CMD is indicative of an intermediate age open cluster.
With that in mind, we re-examined the possibly evolved cluster member; star
number 1. Its intrinsic colour was not adopted on the basis of dereddening to
the intrinsic two-colour relation but upon the colour excesses of surrounding
stars. Spectroscopic data for the star could not be found in the literature,
even though such data would have assisted in the assignment of an intrinsic
colour and absolute magnitude.

The MSTO is difficult to establish with only one data point on the main

sequence near what appears to be the turn-off. An isochrone for ¢t = 77 Myr
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has been overlain on the plot, Figure C.11, as a best match to the upper end
of the main sequence and to the slightly evolved stars just above the main
sequence. The MSTO corresponding to ¢t = 77 Myr lies at (B—V), = —0.155
(Turner, private communication), which is entirely consistent with the data.
The 77 Myr isochrone also matches the point corresponding to star number 1
quite well. It appears that star number 1 may be a cluster member, possibly
a yellow supergiant.

There is considerable scatter within the points that may or may not
be attributable to contamination from non-members as well as binarity or
photometric error. Given the sparseness of the cluster, contamination must
be large and is the most likely source of the scatter. Uncorrected spectral
type dependent effects may also play a role. Although such problems seem
considerable, resolving them is not crucial because the nearest Carina region

cluster is not the focus of this thesis.
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